Background. Volunteer challenge studies have provided detailed data on viral shedding from the respiratory tract before and through the course of experimental influenza virus infection. There are no comparable quantitative data to our knowledge on naturally acquired infections.
enza virus infections and the time lines and duration of illness after infection [2] . However, in volunteer challenge studies, the participants are typically young adults who have been screened to ensure that they have low levels of preexisting immunity to the influenza strain of interest; thus, the findings may not generalize to the overall population annually at risk for naturally acquired infections [2] . There are few data on viral shedding after naturally acquired influenza virus infection in a community setting. The proportion of infections that are asymptomatic or subclinical and the degree to which these are contagious, as well as the proportion of shedding that occurs prior to onset of symptoms, affects the potential impact of control measures. We studied trends in clinical illness and viral shedding associated with naturally acquired influenza virus infections in a community setting.
METHODS
We conducted a community-based study of the effectiveness of face masks and hand hygiene to prevent influenza transmission in households during 2008 [3] .
As part of that study, index cases in patients of all ages who presented with у2 of a range of signs and symptoms consistent with influenza virus infection were recruited from outpatient clinics and private hospital emergency rooms from January through September 2008. A positive result for influenza virus infection on a rapid antigen test was used to determine eligibility of the index cases' households for additional follow-up. Index cases and household contacts were eligible regardless of preexisting conditions or treatment prescribed, but index cases who had household members with concurrent influenza-like illness were excluded [3, 4] . There was no recorded use of antiviral prophylaxis. Symptom diaries were provided to all household members at an initial home visit within 24-48 h of index case recruitment to record respiratory and systemic symptoms daily; 82% of initial home visits were conducted within 12 h of index case recruitment [3] . Compliance with symptom reporting was high; all symptom diaries were complete with the exception of 12 (0.6%) of 2170 entries. We provided each household with a digital tympanic thermometer and asked all household members to record their body temperature daily. Household members were followed up for ∼7 days to observe secondary infections. Pooled nose and throat swab (NTS) specimens were collected from all household members regardless of illness at the initial home visit and at 2 followup visits 3 ‫)1ע(‬ and 6 ‫)2ע(‬ days later. Because index cases are likely to have higher viral loads, given their positive result on a rapid test [5] , and are less likely to have mild illness given that they sought outpatient care, all analyses here focus only on the household contacts to avoid selection bias.
Laboratory methods. NTS specimens from household contacts were tested by quantitative reverse transcription polymerase chain reaction (RT-PCR) to detect influenza A or B virus infection and determine molecular viral loads. Total nucleic acid was extracted from specimens by using the NucliSens easyMAG extraction system (bioMérieux, Boxtel, the Netherlands) according to the manufacturer's instructions. Twelve microliters of extracted nucleic acid was used to prepare complementary DNA by using an Invitrogen Superscript III kit (Invitrogen) with random primer as described elsewhere [6] .
For detection of influenza A virus, 2 mL of complementary DNA was amplified in a LightCycler 2.0 system (Roche Diagnostics), with a total reaction-mix volume of 20 mL reaction containing FastStart DNA Master SYBR Green I Mix reagent kit (Roche Diagnostics), 4.0 mmol/L MgCl2 and 0.5 mmol/L of each primer. The forward primer (5 -CTTCTAACCGAGGT-CGAAACG-3 ) and the reverse primer (5 -GGCATTTTGGAC-AAAKCGTCTA-3 ) were used for amplification of the matrix gene of influenza A virus [7] . Cycling conditions were as follows: initial denaturation at 95ЊC for 10 min, followed by 40 cycles of 95ЊC for 10 s, 60ЊC for 3 s, and 72ЊC for 12 s, with ramp rates of 20ЊC/s. At the end of the assay, polymerase chain reaction (PCR) products were subjected to a melting-curve analysis to determine the specificity of the assay. The lower limit of detection of the RT-PCR assay was 23 virus gene copies per reaction (ie, ∼900 copies/mL).
For detection of influenza B virus, forward (5 -GCATCTTT-TGTTTTTTATCCATTCC) and reverse (5 -CACAATTGCCT-ACCTGCTTTCA) primers and 5 nuclease probe (Fam-TGCT-AGTTCTGCTTTGCCTTCTCCATCTTCT-TAMRA) were used for amplification of the matrix gene [8] . Testing was performed by using the TagMan EZ RT-PCR system. Core reagent kit (Applied Biosystems), with 0.8 mmol/L of forward and reverse primers and 0.2 mmol/L of probe in a total reaction volume of 25 mL, comprising 4 mL of nucleic acid extract. Amplification and detection was performed on an ABI StepOneTM real-time PCR system (Applied Biosystems) under the following conditions: initial hold at 50ЊC for 20 min and 95ЊC for 15 min, followed by 45 cycles at 95ЊC for 15 s and 60ЊC for 1 min.
NTS specimens were additionally tested by quantitative viral dilutions to detect median tissue culture infectious dose (TCID 50 ) and determine replicating viral load. Madin-Darby canine kidney (MDCK) cells were grown on microtiter plates. The cells were rinsed in serum-free minimum essential medium (Gibco). The NTS specimen was diluted initially by 1 in 5 and then in 10-fold steps in serum-free minimum essential medium containing tosylsulfonyl phenylalanyl chloromethyl ketonetreated trypsin (2 mg/mL) (Sigma Aldrich). One hundred microliters of the undiluted NTS specimen as well as each of the specimen dilutions was added in quadruplicate to the MDCK cell monolayers. Medium alone was added to control cells. An additional 100 mL of serum-free minimum essential medium with 2 mg/mL trypsin was added to each well, and the plates were incubated at 33ЊC for 7 days. The plates were evaluated for cytopathic effect daily. The TCID 50 was determined according to the Reed and Muench Method. The lower limit of detection was ∼10 0.3 TCID 50 .
Statistical analysis. We calculated daily scores grouped as systemic signs and symptoms (fever of у37.8ЊC, headache, and myalgia), upper respiratory symptoms (sore throat and runny nose), and lower respiratory symptoms (cough and phlegm) by summing the presence versus absence of each symptom or sign and dividing by 3, 2, and 2, respectively [2] . We define acute respiratory illness (ARI) as у2 of the 7 symptoms listed above [9] . We plotted average symptom scores by time since ARI onset, which was defined as the first day when the subject reported у2 of the 7 symptoms. We plotted quantitative viral loads by time since ARI onset and calculated daily geometric means, imputing half the lower limit of detection (ie, 450 copies/mL and 0.15 log 10 TCID 50 ) for the undetectable values. As a sensitivity analysis, we plotted viral shedding by time since onset of fever of у37.8ЊC. We investigated the associations between tympanic temperature and viral shedding, and between symptom scores and viral shedding, by day since ARI onset.
We used a Bayesian approach to fit alternative parametric forms to the viral shedding trajectories and selected between models using the Bayesian information criterion [10] . We used the models to quantify the proportion of infectiousness remaining at ARI onset and 1, 2, or 3 days after onset, assuming lognormal, Weibull, or gamma-form associations between molecular viral shedding and infectiousness. Additional technical details are provided in the Appendix, which is not available in the print edition of the Journal. All analyses were conducted with R software (version 2.7.1; R Development Core Team) [11] and WinBUGS software (version 1.4) [12] . Additional information about the study design, raw data from the study, and R syntax to permit reproducible statistical analyses are available on the authors' Web site at http://www.hku.hk/bcowling/ influenza/HK_NPI_study.htm.
RESULTS
We followed up 1015 household contacts in 322 households. A total of 135 (13%) contacts were confirmed with RT-PCR to have influenza virus infection. Because we recorded symptoms prospectively and were particularly interested in patterns of viral shedding and symptoms around illness onset, for this analysis we excluded 59 contacts for whom the first NTS specimens collected were RT-PCR positive regardless of whether ARI was reported at the first home visit, and an additional 17 contacts who met the criteria for ARI onset at the first home visit with influenza virus infection subsequently confirmed with RT-PCR. Characteristics of the excluded 76 contacts were similar to those of the 59 retained contacts (Table 1) . Of the 59 secondary infections analyzed here, 16 were caused by influenza A/H1N1 viruses, 17 by influenza A/H3N2 viruses, and 1 by both influenza A/H1N1 and A/H3N2 confection, with the remainder by influenza B virus. Forty-six (78%) of 59 subjects were persons aged 16 years or older. At ARI onset, the most common symptoms were cough, nasal congestion, runny nose, and sore throat ( Table 2) . Of the 34 subjects infected with influenza A viruses, 15 (44%) reported a temperature of у37.8ЊC on at least 1 day over the course of illness, whereas 21 (62%) reported having a temperature of у37.8ЊC on at least 1 day, taking antipyretic medication, or both. The corresponding proportions for influenza B virus infections were 8 (32%) of 25 subjects and 13 (52%) of 25 subjects. Thirty (51%) of 59 subjects reported seeking medical care.
Peak molecular viral shedding for influenza A virus infection as assessed with RT-PCR occurred on the day of ARI onset, followed by a steady decrease in viral shedding through the following 7 days (Figure 1 ). The pattern of viral shedding for A/H1N1 and for A/H3N2 subtypes were similar (data not shown). Viral shedding was detected with RT-PCR in 4 (27%) of 15 subjects (95% confidence interval [CI], 8%-55%), with a specimen collected 1 day before ARI onset. Influenza B viral shedding was more variable over time and a clear peak was not observed; initial shedding was detected at 1-2 days before ARI onset in 4 (29%) of 14 subjects (95% CI, 8%-58%) and persisted for ∼6 days before subsiding. We did not have sufficient sample size to explore differences in viral shedding between children and adults.
In influenza A virus infections the replicating viral load determined by viral culture peaked on the day of ARI onset and steadily decreased over ∼5 days (Figure 1 ). For influenza virus B infections, the TCID 50 levels initially peaked on the day of ARI onset and were more variable over time. Molecular viral shedding was most closely correlated with replicating viral load on the day after ARI onset. As replicating viral load decreased more rapidly with time, the association between molecular viral shedding and replicating viral load became weaker later in the course of illness (Figures 2 and 3) . Replicating viral load determined with viral culture was detected in 1 adult with influenza A infection and 2 adults and 3 children with influenza B infection before ARI onset.
We found that a modified lognormal form provided a good fit to the molecular viral shedding patterns for influenza A virus infections. If infectiousness were proportional to molecular viral shedding, most infectiousness would occur within 2-3 days of ARI onset, whereas if infectiousness were proportional to Table 2 . Individuals with asymptomatic or subclinical infections were excluded. NTS, nose and throat swab specimen. log 10 molecular viral shedding or presence of detectable viral RNA, infectiousness would persist for longer periods ( Figure  4 ). We did not find any parametric forms that provided a good fit to the influenza B molecular viral shedding patterns, or replicating viral load for influenza A or B measured by TCID 50 .
In both influenza A and B virus infections, mean tympanic temperature and trends in average scores for systemic signs and symptoms peaked at the day of ARI onset and then steadily subsided to baseline after 3-5 days (Figure 1 ). On average, upper respiratory and lower respiratory symptom scores peaked at ARI onset; however, respiratory symptoms resolved less quickly than systemic symptoms and signs (Figure 1 ). For influenza A virus infections. tympanic temperature was significantly positively correlated with viral RNA shedding on the day following ARI onset ( ), although correlations were less P p .01 clear later in the course of illness ( Figure 5 ). There was also a positive correlation between number of symptoms and molecular viral shedding (data not shown). Data were insufficient to repeat these analyses for influenza B virus infections.
We detected viral shedding with RT-PCR in the absence of any reported signs or symptoms in 8 (14%) of 59 subjects (95% CI, 6.0%-25%), 5 of whom were infected with influenza A virus. In 2 of the 8 subjects, only NTS samples collected at the final home visit were positive with RT-PCR; we may have iden- Table 2 . NTS, nose and throat swab specimen. Table 1 . NTS, nose and throat swab specimen.
tified presymptomatic rather than asymptomatic shedding because these subjects may have subsequently developed symptoms. The geometric mean of peak viral titers in the NTS specimens of these 8 asymptomatic subjects was cop-3 3.2 ϫ 10 ies/mL compared with copies/mL in symptomatic 7 3.6 ϫ 10 subjects. Among the 8 individuals with asymptomatic infections, 3 had specimens that were positive on quantitative viral culture with a geometric mean TCID 50 of . Subclinical in-0.7 10 fections were identified in an additional 7 of 59 subjects who reported at most 1 of 7 signs or symptoms on each day of the study period, and viral shedding in the NTS specimens of these 7 subjects had geometric mean copies/mL. Three of 3 3.4 ϫ 10 7 specimens from subjects with subclinical infection were positive on viral culture with a mean TCID 50 of . 0.5 10 Viral shedding and replication trends assessed with RT-PCR and TCID 50 , respectively, were also assessed relative to time since fever resolution, along with symptom scores and tympanic body temperature time lines for influenza A (data not shown). Viral shedding measured with RT-PCR peaked 1 day before fever resolution. Shedding was detected in 4 (44%) of 9 subjects (95% CI, 14%-79%) after fever resolution. Symptom trends, mean tympanic temperature, and replicating viral load measured by TCID 50 all followed a similar trend.
In a sensitivity analysis, we investigated viral shedding relative to onset of fever of у37.8ЊC in the subset of 22 subjects who reported a fever and found that trends in viral shedding were generally consistent with the main analysis based on ARI onset (data not shown).
DISCUSSION
There are few data in the literature on the patterns in infectiousness in influenza virus infections over time, and how infectiousness may be related to viral shedding or symptoms. We investigated 3 alternative simple models for infectiousness in influenza A virus infections and found that if infectiousness is proportional to viral RNA shedding (or log 10 viral shedding or presence/absence of shedding), then the majority of infectiousness occurs within 1-2 days (or 3-4 days) after ARI onset (Figure 4) . Given the more rapid decrease in replicating viral load compared with molecular viral shedding (Figure 1 ), we may have overestimated the duration of infectiousness. In previous work, we estimated the mean serial interval of influenza to be 3.6 days [9] , given an incubation period of 1.5-2 days [13] . This implies that the average time between ARI onset and subsequent transmission to household contacts was ∼2 days, . Association between tympanic temperature and molecular influenza A viral shedding by reverse-transcription polymerase chain reaction by day since acute respiratory illness (ARI) onset for children (plus signs) and adults (circles). Linear regression lines are plotted where there are у3 points. ARI onset is defined as at the first day with у2 of the 7 signs or symptoms listed in Table 1 . NTS, nose and throat swab specimen.
which is consistent with infectiousness profiles in between a proportional relationship with log 10 viral shedding and viral shedding. From a detailed model of influenza transmission in households in a French household study [14] , Ferguson et al estimated that infectiousness was highest around the time of illness onset, and that the infectiousness profile correlated closely with viral shedding [15] , whereas in our data viral shedding peaked within 1-2 days of symptom onset (Figure 1) . Similarly, Pitzer et al [16] found that moderate increases in transmissibility of severe acute respiratory syndrome 5-10 days after illness onset appeared more consistent with changes in log viral shedding rather than viral shedding over the same period [17] . Because the majority of viral shedding measured with RT-PCR or TCID 50 occurred within 2-3 days of ARI onset, isolation of patients or other interventions must be applied very soon after ARI onset; otherwise, they could not have any substantial effectiveness in reducing onwards transmission.
Our data are consistent with data from previous studies that documented the time lines of influenza viral shedding from volunteer challenge studies [2] . We found that influenza A viral shedding measured with RT-PCR peaked around the same day as ARI onset before decreasing. Whereas some viral shedding was detectable with RT-PCR before ARI onset, this occurred in a minority of cases. Daily replicating viral shedding measured with TCID 50 for influenza A virus infections decreased faster than viral shedding measured with RT-PCR. Patterns in viral shedding associated with influenza B virus infections were more variable and followed a pattern similar to that of data observed in volunteer challenge studies, with shedding at substantial levels from ARI onset through to 5 days after ARI onset [2] . We found that levels of replicating virus measured by TCID 50 had high correlation with molecular viral loads measured with RT-PCR soon after ARI onset but diverged as the infection progressed when TCID 50 decreased more rapidly (Figures 2 and  3) . A previous study also found that viral culture is less sensitive than RT-PCR later in the course of illness [18] , perhaps because inactivated virus or viral DNA persist in the respiratory tract towards the end of illness.
In both influenza A and B virus infections, systemic symptoms and signs subsided more rapidly than respiratory symptoms [2] . The decrease of systemic signs and symptoms, primarily fever, correlated closely with the decrease in viral shedding, most likely due to the subsiding of immune response with the gradual clearing of virus from the body [19] . Resolution of fever could also be affected by use of antipyretic medication. The correlation between higher tympanic temperature and higher viral shedding ( Figure 5 ) suggests that individuals with a higher fever could be more infectious in general.
Eight (14%) of the 59 individuals (95% CI, 6.0%-25%) with RT-PCR-confirmed secondary infections did not report any clinical signs or symptoms, and in total 15 (25%) of 59 subjects (95% CI, 15%-38%) were asymptomatic (reporting 0 of 7 signs or symptoms) or subclinical (reporting 1 of 7 signs or symptom). Our upper bound for the frequency of asymptomatic infection is somewhat lower than that identified in volunteer challenge studies [2] or from longitudinal studies including preand post-season serology with illness recall [20] . It is possible that we failed to detect infections associated with lower levels of viral shedding or shedding for a shorter period, because swab samples were collected on average only at 3-day intervals, and proportionally more such infections may be asymptomatic [2, 21] . Some individuals may have been infected without shedding virus. It is still unknown whether or to what degree asymptomatic individuals could transmit infection to others [22] , although mathematical models typically assume that 33%-50% of infections are asymptomatic or subclinical, and these individuals are approximately half as infectious as symptomatic persons [23, 24] . Our results suggest the possibility that "silent spreaders" (ie, individuals who are infectious while asymptomatic or presymptomatic) may be less important in the spread of epidemics than was previously thought.
US pandemic guidelines suggest sick individuals should remain home for a minimum of 24 h after fever resolution in the absence of fever-reducing medication [25] . In our study of seasonal influenza predominantly among adults, viral shedding resolved within the recommended exclusion period for 10 (83%) of 12 individuals with febrile influenza A virus infection, suggesting that the exclusion period covers the majority of infectiousness for febrile infections if the patterns of fever and viral shedding are similar to that in pandemic influenza.
A strength of our study is that we analyzed laboratory-confirmed, naturally acquired influenza virus infections in a community setting, which should allow broad generalizability. It is important also to note the limitations of our study. First, because of sample-size limitations, our study was underpowered to explore in detail the differences by age and other characteristics. Second, because our study design tended to exclude households with 11 case at the recruitment stage, subjects in our study could be biased toward those having a lower risk of infection or illness [3] . Third, although we have investigated alternative models for the relationship between infectiousness and viral shedding, it is possible that specific symptoms also play an important role in infectiousness. Fourth, we have a relatively small sample size, and more data would be valuable to more precisely characterize patterns in viral shedding and illness, and particularly viral shedding associated with asymptomatic infections and before illness onset. Finally, we did not record symptoms in household contacts retrospectively, so we were unable to include in this analysis household contacts with evidence of influenza virus infection at the initial home visit; however, the general characteristics of excluded contacts were similar to those of contacts who were included (Table 1) .
One research gap highlighted by our work is the need for studies that collect paired serologic data as well as detailed viral shedding data. This would allow more accurate estimates of the proportion of infections that are asymptomatic or subclinical, and the characteristics of viral shedding in asymptomatic infections. Future studies of naturally acquired infections with increased frequency of clinical specimens and a longer followup period would also contribute valuable knowledge about the shape of the peak and duration of viral shedding. If combined with data on transmission to contacts, these studies may be able to provide additional information on the relations between viral shedding, illness, and infectiousness, which would facilitate optimal application of interventions and control measures. Volunteer challenge studies can provide useful data, but large detailed studies of naturally acquired infections are essential to inform differences in time lines and trends by age and other characteristics.
